Using a mixed longitudinal design, the incidence of injuries, and the development of flexibility and isometric strength of the upper and lower limbs were studied for 2 years in 453 
Competitive sports participation in youngsters has become an established feature of the western world'3. However, 3 to 11% of school-aged children are injured each year while taking part in some form of sports activity4 5, with boys affected twice as much as girls6. The large differences among researchers and sports in the incidence of injuries among sporting youngsters may be due to several reasons, such as the different definition of injury, the nature of the study (retrospective or prospective), the data collection system, the exposure to the various sports, and the level at which the sport was practised'-3.
Flexibility is an important factor both in human athletic performance7'9 and in many traumatic and orthopaedic conditions10-12. Some reports have claimed a strong association3 '14 between injuries and hypermobile joints, while according to others ligamentous laxity does not increase this risk9. Some groups of athletes, such as ballet dancers, may exhibit imbalanced flexibility7, which could predispose them to painful snapping hip and trochanteric bursitis'5.
The degree and distribution of flexibility in athletes may be important in the genesis and presentation of injuries 1, as flexibility can be specific to each side of the body even in the same joint'6. Pubertal staging'7 has greater predictive value than chronological age '8, with no evidence of a relative decrease in flexibility during the period of maximal linear growth.
Few normative data are available on the development of muscle strength'9-24. Up to age 13, there are no significant differences between the sexes, with a clear dissociation in favour of boys thereafter22. The observed sex difference for absolute strength when expressed as ratios of body mass or lean body mass'9'20' 2 25 become less evident when normalized per unit of muscle cross-sectional area23 or muscle and bone combined25.
In non-athletic schoolchildren, the strength of both the upper and lower limb rises steadily starting from the age of 8-12 years, with a further rapid increase in strength in both the knee extensors and elbow flexors in boys even after the end of longitudinal and ponderal growth26. Hormonal influences may explain the dissociation in strength between boys and girls at puberty24.
We report part of the results of a mixed longitudinal study on the effects of physical training on the musculoskeletal system, focusing on injuries, flexibility and isometric strength of the upper and lower limb. approved by the Ethical Committee of the Institute of Child Health, University of London. The age at which the youngest child entered the study differed according to the requirements of each sport. The basic criterion for inclusion in the study was that the children showed performance success, of at least county standard, in the year before being nominated.
A database was developed for each sport, birth year and gender group. A random selection for each sport, birth year and gender group was achieved using a computer generated list. A short questionnaire was sent to the children and parents who refused to take part, asking for the number of hours trained and parental occupation. Comparing information from this group with data from families who agreed to take part established that there was no significant difference either in training time or social class. The study had a representative sample of successful young athletes. The social class composition Total   Football   M  12  25  28  65  M  10  23  25  58  Gymnastics   F  13  18  18  15  17  81  F  12  12  16  15  16  71  M  7  10  10  6  5  38  M  6  6  7  5  4  28  Swimming   F  14  16  15  15  60  F  12  15  15  14  56  M  10  14  15  15  54  M  10  12  12  14  48  Tennis  F  14  17  19  20  11  81  F  14  15  18  17  11  75  M  12  15  18  19  10  74  M  11  14  16  19  10  70   Total   453  406   Table 3 of parents of the children taking part in the study is shown in Figure 1 . Based on 576 initial aproaches, the acceptance rates for each sport were: football: 69%; gymnasts: 88%; swimming: 83%; tennis: 75%.
Hours trained
The number of hours trained per week by age and sport in the 2 years of the study is shown in Tables 3 to   9 .
Attrition
At the end of the second year, 51 children (11%) had dropped out of the study (Table 10) , and 55 had retired from their sport (Table 11) . Growth Injuries Definition
An injury was classified as acute or overuse35.
Injuries were investigated using a standard questionnaire administered personally by NM to both the child and the accompanying parent or guardian at each visit.
Occurrence of injuries Injuries were classified according to their occurrence as training, competition or induced by causes other than sports. The anatomical location of the injury was also recorded. Flexibility Linear measures of flexibility were used36-38 ( Figure  2 ). All the tests described were performed after a brief warm up, consisting of gentle stretching exercises. Two attempts were allowed each test, the best of which was used in subsequent analysis. Descriptive statistical analysis was carried out. Potential intra-and inter-cohort variations were tested for significance using analysis of variance (ANOVA) and analysis of covariance (ANCOVA), taking into account the effects of various covariates. Linear regression analysis was used to test the various relationships. Due to the number of primary analyses, the 0.03 level of significance was used to define a significant difference in order to minimize the possibility of a Type I interpretative error.
To identify the changing patterns of flexibility and strength development with age, data were plotted using a third order polynomial in order to minimize the residual sum of squares at each age'.
Although it has been common practice to express athletic performance as a ratio to a body variable, Tanner4 has shown that this approach may be misleading. Moreover, ratios are often treated as if they were means for single measures to compare groups', hence the use of analysis of covariance in this study17'42'43
Results

Injuries
The absolute total number of injuries remained constant at 229 in year 1 and 226 in year 2. The injury rate increased from 0.50 to 0.55 injuries per year per child but this was not significant (Figures 4 and 5) .
Differences between sports The differences between the four sports in the frequency of injuries sustained during competition, training or outside their sport were only just statistically significant. Among the boys, footballers were more likely to be acutely injured during a match than in a training session, with a ratio of over 2:1. In gymnastics, the opposite was true.
Location of injuries Both the acute and overuse injuries were grouped according to their location in trunk, upper limb and lower limb ( Figure 6 ). The differences between the 2 years of the study were not statistically significant.
Physiological characteristics and injuries
The total injuries were considered as the sum of all the acute and of all the overuse injuries, and covariated for the amount of time spent training each week, the sport, the children's age and their gender. When the sums of all the acute and of all the overuse injuries were tested separately and combined, only modest, non-significant correlations were found in year 2 for the total number of injuries for the frontal splits and the left quadriceps strength. The children who suffered from none, one or more than two acute injuries were modestly different from each other for their frontal splits (F = 1.38; P = 0.03).
The children suffering from none, one or more than two injuries to their trunk, upper limb or lower limb were not significantly different from each other. Figure 7 . Girls and boys appeared to be equally flexible at all ages. When covariated for cubit length, flexibility appeared to decrease after the age of 14 years (P < 0.01). Training time did not exert any significant effect for any sport.
The right side was more flexible than the left in all sports and in both sexes (ANOVA; P = 0.005). In both sexes, older gymnasts were the least flexible athletes, with swimmers being the most flexible (Figure 7 ).
Boy and girl gymnasts started by being at least as flexible as the other athletes, increasing the flexibility of their glenohumeral joints from 8 to 10 years. From 13 years, the boy gymnasts became remarkably less flexible (ANOVA; P < 0.03).
Flexibility of the lumbar spine and hamstrings ANOVA of the absolute values (Figure 8) showed that girls and boys were equally flexible up to age 12 years. Older children were significantly more flexible, with boys showing a significant decrease in trunk flexibility at 14 years with no such finding evident in girls (Figure 8 ). Boy and girl gymnasts were the most flexible of the four groups of athletes, even at an early age (ANOVA; P < 0.001).
Subischial leg length, cubit length and height were major factors in determining the value measured. Gymnasts were even more flexible than the other groups (ANCOVA; P < 0.005). Swimmers fell between gymnasts, and footballers and tennis players.
Female athletes in all three sports increased their trunk flexibility with growth ( Figure 9 ), and female Flexibility of the hip, adductor muscles and posterior muscles of the thigh complex The pattern of hip joint flexibility was similar for girls and boys and, in both sexes and in all sports, it increased with age ( Figure 10 ). Young gymnasts were significantly more flexible than the children practising other sports from age 14 years (ANOVA; P = 0.0001). When subischial leg length was used as a covariate, gymnasts remained significantly more flexible than the other groups (ANCOVA; P < 0.005).
All measurements of flexibility were strongly correlated in girl swimmers and tennis players. In boys, a poor correlation between glenohumeral and trunk and hip flexibility was evident in all sports, apart from swimmers, in whom all joints were highly correlated with each other.
Strength
Quadriceps strength Boys did not show a decrease in the rate of strength increase by the end of the study, and from 16 years of age were significantly stronger than girls (ANOVA; P < 0.003) (Figure 10 ). The average maximum isometric quadriceps strength was 13% greater for boys and 22% greater for girls than in normal schoolchildren21'26 (ANOVA; P = 0.002 in girls, P = 0.0005 in boys).
In girls, no significant differences were found among the three sports studied. In boys, 9-and 10-year-old tennis players were marginally stronger than gymnasts (ANOVA; P = 0.03).
Sport, puberty stage, and height did not exert a significant effect, but age did (ANOVA; P < 0. 0001). The athletic girls were significantly stronger at all ages, whereas in boys this difference only became significant above 15 years of age ( Figure 10 Elbow flexor strength Isometric strength of the elbow flexors of girls was comparable to that of boys from 9 to 13 years of age, after which time boys increased their strength at a faster rate, the difference becoming significant by the age of 14 years. By the end of the study, boys were stronger than girls by an average of 54% ( Figure 11 ). The maximum average strength for the four sports was about 4% greater for boys and 18% greater for girls than the bicipital strength in a group of normal schoolchildren26.
Sport played, pubertal stage, and height did not exert a significant effect, whereas age did (ANOVA; P < 0.0001). Older athletic girls were significantly stronger than nonathletic schoolchildren26 (ANOVA; P= 0.03), while the boys remained within their expected limits (Figure 11 ).
Relationship between muscle strength and body mass In normal children, maximal isometric voluntary strength exerted by the quadriceps is proportional to total body mass21. When quadriceps strength was covariated for body mass, boy gymnasts from 11 years of age were consistently stronger than all other athletes (ANCOVA; P = 0.006 to 0.0001). There was no significant difference among the other three sports.
No sports specific differences were noted for girls, although gymnasts and tennis players were significantly less strong at the end of the study than at 9 years (ANCOVA; P < 0.001). Girl swimmers did not show any significant differences between ages 9 to 18 years.
Relationship between biceps strength and CSA of upper arm Isometric strength is proportional to the cross sectional area (CSA) of the muscle45. When the data were covariated for CSA of the upper arm, the oldest boys were significantly stronger than the girls (ANCOVA; Figure 10 , but the smaller absolute and relative differences between trained and untrained children a boys, b normal and athletic boys; c girls; d normal and athletic girls genetically endowed with a more resistant musculoskeletal system48.
The present study suggests that some ranges of motion are sports specific, and that most of them are influenced by age. The ability to perform better at splits is commonly perceived as a major feature of gymnastics. However, given the wide variability in the children's ability at this particular exercise, the differences between the four sports were not statistically significant up to 14 years of age. On the other hand, the trunk forward bending test may be more specific in this respect.
An intrinsic limitation of the tests performed is that they express linear rather than angular measures. In future, angular measures should probably be employed, keeping in mind that even these could underestimate the flexibility of the hip in gymnasts. The differences in body proportions among participants in the various sports should be considered when evaluating flexibility. This was particularly evident in gymnasts, as, when corrections were made for the relevant anthropometric values, the degree of trunk flexibility became even more evident.
In girls, flexibility appeared to be more generalized than in boys, in whom flexibility of the upper body was independent of that of the lower body. The relationship between the flexibility of the various joints varied with time. Training may have been progressively directed towards the development of hip joint rather than trunk flexibility. Alternatively, trunk flexibility may naturally develop before hip joint flexibility, and, in gymnasts, trunk flexibility may have already been maximally developed in the first year of the study, leaving room for improvement only in the hip joint.
Flexibility in young athletes appears to be jointspecific, in contrast to the generalized laxity exhibited in some medical conditions. Athletic girls in their late teens were only slightly less strong than nonathletic boys26. These differences could be explained by the effects of training, genetic predisposition or a combination of these two factors. Several factors other than increase in body dimensions influence muscle strength and power output. Our findings of a significant influence of age but not of pubertal status and height concur with the data of Sargeant and Dolan49 who reported a large increase in power output from childhood to adulthood, even when standardized for muscle volume.
Changes in the intrinsic qualities of the muscle tissue with maturation play a significant role in strength development. Other reasons for this increase include changes in fibre type composition, in intramuscular fat, in the lever system through which a muscle acts, and in the angle of pennation of the muscle fibres'.
The additional effects of training are still unclear, although our data suggest that there may be sports specific effects which could be different in boys and girls. The possible influence of testosterone on muscular strength seems to have a preferential effect on the upper body musculature2l, and it was of interest that the proportional differences between the sexes was greatest for the elbow flexors ( Figures 10  and 11 ).
Increases in muscular strength can be induced by low-repetition high-force exercises51. Heavy resistance training may produce skeletal muscle hypertrophy52. A greater strength relative to muscle CSA was evident in boy gymnasts in the present study. Given the nature of each sport, it is likely that different loads were imposed on the muscle groups assessed. For example, although footballers often practise weight-training, they mainly use their lower limbs in their sport. Gymnasts make their upper limbs weight-bearing, imposing on them a variety of eccentric and concentric loads, and swimmers are obliged by the medium in which they train to undergo a kind of continuous isokinetic muscle contraction'4. These different requirements imply a different pattern of activity with different neuromuscular activation4, eventually resulting in diffe-53 rent neural adaptation Boys and girls in all sports were of similar strength up to around 11 years, after which boys increased their strength overtaking girls between the ages of 12 to 14 years. Isometric muscle strength continues to increase up to 20 years of age in nonathletic subjects26, and, although we were unable to ascertain whether this was also true for athletes, values in boys were still rising at the age of 18 years, in contrast to girls in whom a plateau or slight decline was observed (Figures 10 and 11 
